A unique methodology based on fluorescence measurements is introduced to quantitatively measure the actual level of interpolymeric association between ethylene-propylene (EP) copolymers used as viscosity index improvers (VIIs) in engine oils. To this end, two EP copolymers, one amorphous (EP(AM)) and the other semicrystalline (EP(SM)), were maleated and then fluorescently labeled with 1-pyrenemethylamine and 2-(2-naphthyl)ethylamine to yield increased upon decreasing the temperature and increasing the polymer concentration as would have been expected from such a polymer. This result suggests that pyrene excimer formation provides a reliable method to quantitatively determine finter for EP copolymers used as VIIs, an information which is otherwise difficult to extract from standard FRET experiments.
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INTRODUCTION
Engine oils provide the necessary lubrication between the moving parts of engines, and as a result, are vital to all internal combustion powered vehicles. Viscosity index improvers (VIIs), dispersants, detergents, antioxidants, and antiwear components are chemicals that are deliberately added to engine oils to enhance oil performance during the operation of engines. 1 In particular, VIIs are added to the oil to reduce the inherent decrease in oil viscosity that occurs with increasing temperature. Without VIIs, the oil would be too thin at high temperature to properly coat the engine parts, thus undermining its lubricating purpose, and too viscous to flow at low temperature, resulting in a lack of lubrication and possible ceasure of the engine parts.
VIIs are designed to counteract the reduction in oil viscosity observed at high engine temperatures without excessively increasing the viscosity of the oil at lower temperatures. [2] [3] [4] Thus, VIIs play a key role in substantially enhancing the oil efficiency and durability while providing maximum engine protection. 5, 6 Synthetic polymers, such as polymethacrylates, ethylene-propylene copolymers (EP), and hydrogenated styrene-diene copolymers have been used as VIIs by taking advantage of the unique polymer coil expansion undergone by these polymers with increasing solution temperature. 4, [7] [8] [9] Among these polymers, EP copolymers were first introduced as a lubricant additive by Exxon in the late 1960s. 10 The ethylene-to-propylene ratio in EP copolymers defines the quality of such a polymer as a VII. 7 High ethylene contents of 50-70 mol% provide optimum oil thickening and oxidative stability. 11 However, at low temperature, such high ethylene contents lead to polymer crystallization and thus insolubility, and strong interactions with wax, an ubiquitous component of base oils. 11 Despite these drawbacks, semicrystalline EP copolymers are being used as VIIs due to their ability to undergo a coil expansion with increasing temperature. As a matter of fact, an oligoethylene sequence within a semicrystalline EP copolymer will crystallize at low temperature and form dense crystalline microdomains, resulting in polymer coils having small hydrodynamic volumes (Vh). Increasing the solution temperature melts the crystalline microdomains which results in a higher Vh for the polymer coils. Since the viscosity of the solution depends on the volume-fraction of the solution that is occupied by the polymer coils, an expansion of the polymer coil leads to a viscosity increase. Therefore, the decrease in engine oil viscosity that follows an increase in temperature is mitigated by the expansion of the polymer coils associated with the melting of the crystalline microdomains. By comparison, the change in Vh with temperature is less sudden and more progressive for amorphous EP copolymers so that the viscosity of their solution is less affected by temperature.
The effect of ethylene content of an EP copolymer on the temperature dependency of Vh has been well documented. 3, 4 So far, the variation of Vh with temperature has been discussed in terms of an intramolecular phenomenon happening with semicrystalline EP copolymers. However the formation of microcrystals in solution indicates that polymer-polymer interactions are favored over polymer-solvent interactions. In other words, the polymer becomes less soluble, a condition which normally leads to uncontrolled interpolymeric aggregation and eventually precipitation of the polymer. In the case of an engine oil, precipitation of a VII from the oil would have catastrophic consequences on the lubrication performance of the oil. These observations lead to the conclusion that the characterization of the extent of polymeric associations in solution, and the study of the chemicals known to affect them, is of paramount interest to the lubricant oiladditive industry.
Fluorescence techniques based on Fluorescence Resonance Energy Transfer (FRET), pyrene excimer formation, and to a much lesser extent fluorescence anisotropy have been instrumental in demonstrating interpolymeric interactions in solution. 12 Without exception, these techniques require that the fluorophores be tightly bound to the macromolecules of interest which in the case of solutions of EP copolymers in organic solvents necessitates that the fluorophore be covalently attached to the EP copolymer. This constraint represents a challenge for EP copolymers which are difficult to modify since their chemical stability under harsh conditions make them highly desirable polymers to work under extreme conditions such as in engine oils. 10 One of the first examples of covalent attachment of pyrene onto a polyethylene (PE) film was achieved by immersing the film in a concentrated pyrene solution in chloroform overnight, removing the chloroform under a flow of nitrogen, and irradiating the pyrene-doped film under UV-light. 13 This procedure introduced pyrene labels in the amorphous domains of the PE film and was followed by other variations. For instance, thermal decomposition of 9-anthryldiazomethane in a PE film also led to the covalent attachment of anthryl groups onto PE chains. 14 PE films have also been hydroxylated by reaction with dibenzothiophene 5-oxide followed by reaction with 2-naphthoyl chloride. 15 More recently, a naphthalene nitroxide, namely 4-(1-naphthoate)-2,2,6,6-tetramethylpiperidine-1-oxyl, was covalently attached onto a polyolefin in the melt in the presence of a radical initiator. 16 EP copolymers have also been fluorescently labeled by maleating the EP backbone in solution with a radical initiator followed by reaction of the resulting succinic anhydride group with a fluorophore bearing an amine substituent. 17 This procedure introduced by Jao et al. in 1992 takes advantage of the maleation chemistry well-known in the oil additive industry to prepare succinimide polymeric dispersants based on polyisobutylene or EP copolymers. 18 It is this last procedure that was applied in the present study to label EP copolymers with pyrene and naphthalene.
One of the tools most commonly applied to probe intermolecular associations is fluorescence resonance energy transfer (FRET), which explains its intensive use to study polymeric systems. 2, 12, 19, 20 Fischer-Scientific. Two ethylene-propylene copolymers were supplied by Afton Chemical Corporation. One was semicrystalline and the other was amorphous. They were referred to as EP(SM) and EP(AM), respectively.
Fourier Transform Infrared (FTIR).
All FTIR spectra were obtained with a Bruker Tensor 27 FTIR spectrophotometer. Polymer solutions prepared with toluene were deposited drop wisely onto a sodium chloride (NaCl) FTIR pellet. The solvent was evaporated under a stream of nitrogen leaving behind a thin polymer film. All samples had an absorbance of less than unity to optimize the signal-to-noise ratio.
Gel Permeation Chromatography (GPC).
Weight-and number-average molecular weights and polydispersity indices (PDI) were determined with a Polymer Char high-temperature gel permeation chromatograph (GPC) instrument at 145 °C using a flow rate of 1 mL/min of 1,2,4-trichlorobenzene (TCB). 27 The GPC instrument was equipped with the three following detectors placed in series, namely a differential refractive index, 15 o angle light scattering, and differential viscosity detectors. The GPC instrument was also calibrated with polystyrene standards having a narrow molecular weight distribution. Figure S1 . 13 C NMR was used to calculate the molar ethylene content of the EP copolymers using a well-documented procedure. Since the succinic anhydride of EP-MA is moisture sensitive and can react with water to yield less reactive succinic acid, dehydration of the succinic acid was carried out. To this end, purified EP-MA (1 g) and dodecane (60 mL) were placed in a two-neck round-bottom flask equipped with a dean-stark apparatus to remove the water generated during the dehydration conducted at 150-160 o C for 10 hrs under nitrogen atmosphere. Successful dehydration was confirmed by FTIR spectroscopy ( Figure 1B ). After 10 hrs, PyCH2NH2 (185 mg, 0.8 mmol)
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prepared from PyCH2NH2 HCl according to a published procedure 30 was added to the reaction vessel and the temperature was kept at 180 °C for another 12 hrs. After the reaction was complete, the reaction mixture was poured into acetone to precipitate out the pyrene-labeled polymer. The precipitate was redissolved in toluene to be precipitated in acetone five more times to remove any unreacted PyCH2NH2. The final product was dissolved in toluene and kept in solution to avoid crosslinking of the sample in the dry state. Full conversion of the succinic anhydride (SAH) groups into succinimides after labeling with PyCH2NH2 was also confirmed by FTIR spectroscopy ( Figure 1C ). A similar procedure was also used to label EP-MA with NpC2H4NH2 (Scheme 1C and Figure 1D ).
Synthesis of 1-Pyrenemethyl Succinimide (Py-MSI) and 2-(2-Naphthyl)ethyl Succinimide
(Np−ESI). 1-Pyrenemethylamine hydrochloride (PyCH2NH2·HCl) (0.302 g, 1.11 mmol) was dissolved in water (280 mL) and transferred to a separatory funnel. After addition of three NaOH pellets to the solution, PyCH2NH2 was extracted using hexanes (~100 mL) and deionized water. 30 Finally, the extracted PyCH2NH2 was dried in a vacuum oven at 60 Since the absorption peaks described earlier were well separated in the FTIR spectra, they were integrated and their ratios with respect to the integral of the peak at 1462 cm −1 are listed in Table 1 , the number in parenthesis after Py or Np for the pyrene-and naphthalene labeled polymers refers to their dye content expressed in µmol.g −1 .
13 C NMR spectra of EP(SM) and EP(AM) were also acquired and they are shown in Earlier reports have shown how the SAH content of maleated EP copolymers (EP-MA)
can be determined by FTIR after establishing a calibration curve using mixtures of known quantities of the naked EP copolymer and methyl succinic anhydride. 32 Unfortunately this method did not apply to EP(SM) and EP(AM) since aromatic solvents like toluene appeared to be the only solvents capable of solubilizing these EP copolymers at room temperature and methyl succinic anhydride was not soluble in toluene, therefore preventing the preparation of homogenous mixtures in toluene of EP copolymers and methyl succinic anhydride.
Consequently, 1-pyrenylmethyl succinimide (Py−MSI) and 2-(2-naphthyl)ethyl succinimide (Np-ESI) were synthesized as model compounds to estimate the SAH content of the EP-MA samples. This estimate of the SAH content assumed that the labeling reaction of the maleated EP copolymer went to completion, a reasonable assumption based on the FTIR spectra shown in Figure 1 . The molar extinction coefficient of the model compounds was then measured in toluene and THF based on their absorption spectra (Figures 2 and S3) . A summary of the extinction coefficients of Py-MSI and Np-ESI at different wavelengths is given in Table 2 .
The molar absorbance coefficients εpy and εNp were found to equal 44,800 S4A ). This did not cause a problem for the pyrene-labeled EP copolymers since the much larger εpy value at 344 nm enabled the use of much smaller polymer concentrations ( Figure 2B and S4B). Consequently, the determination of the naphthalene content of the polymers was not attempted and it was assumed to be similar to that of the corresponding Py-EP samples since they were prepared in a similar manner and showed similar FTIR absorption spectra. As a result, the naphthalene content of Np (116) One of the advantages of using pyrenyl groups to label macromolecules is that the distribution of these fluorophores along the polymer can be determined qualitatively by measuring the peak-to-valley ratio, or PA value, from the absorption spectrum of the Py-EP samples 12 or quantitatively by Fluorescence Blob Model analysis of the monomer and excimer decays. [23] [24] [25] [26] These analyses are described in great detail in SI. The main conclusion of these analyses is that excimer formation occurred principally by diffusive encounters between excited and ground-state pyrene monomers. Table 1 . They show that the number-and weight-average molecular weights decreased and the polydispersity index A) B)
Microstructure of the EP Copolymers. Viscosity measurements were carried out between
(PDI) increased after maleation and pyrene labeling. Consequently, [η] was expected to vary from sample to sample due to these alterations in MWD. These changes were more pronounced in the case of Py(108)-EP(AM) suggesting that since the amorphous EP copolymer had more propylene groups, chain cleavage was more likely to happen during maleation. 32, 33 But another explanation could be a change in polymer polarity after pyrene-labeling which might affect the hydrodynamic volume of the coils as the Py-EP copolymers permeate through the GPC column. In the fluorescence spectrum of pyrene-labeled macromolecules (PLMs), the excited pyrene monomer emission is characterized by several sharp peaks between 360 nm and 425 nm,
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whereas the pyrene excimer features a broad and structureless emission centered at 480 nm. 21 The fluorescence intensity of the pyrene excimer (IE) and monomer (IM) can be calculated by integrating the fluorescence spectrum over the wavelength ranges between 372 and 379 nm and between 500 and 530 nm, respectively. The fluorescence intensity ratio IE/IM is widely accepted to be directly proportional to the local pyrene concentration [Py]loc as described by Equation 1.
In Equation 1, the multiplication factor K(T) is a function of the quantum yields of the pyrene monomer and excimer, the bimolecular rate constant of excimer formation, and the acquisition geometry and the instrument response of the fluorometer. 
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The FRET experiments discussed earlier have confirmed that intermolecular associations take place for EP(SM) at low temperature, but a reduction in the overall dimension of the polymer coil happening in the low temperature regime cannot be ruled out. Table 3 .
To investigate the robustness of the procedure, a Py(65)-EP(SM) sample was also synthesized with a lower pyrene content λPy of 65 µmol.g −1 . finter was determined as a function of temperature as shown in Figure 8A . Interestingly, despite the difference in pyrene content for the two Py-EP(SM) samples, the procedure used to obtain finter appears to yield a same trend regardless of pyrene content. This result demonstrates the validity of the procedure which appears to report on the solution behaviour of the EP copolymers and is not influenced by differences in pyrene labeling. GPC experiments showed that some chain scission took place after these reactions. Nevertheless, intrinsic viscosity experiments indicated that the solution behaviour of the fluorescently labeled EP copolymers was similar to that of the unmodified polymers.
To probe the interactions taking place between polymer chains at the molecular level, fluorescence experiments based on FRET and excimer formation were conducted on the pyreneand naphthalene-labeled EP copolymers. The FRET experiments showed that low temperatures induced interpolymeric interactions in toluene for both EP copolymers, but that these interactions were much stronger for the EP(SM) sample. While informative, the FRET experiments did not yield a parameter that would qualify the strength of these interpolymeric interactions.
Fluorescence experiments based on pyrene excimer formation were implemented to achieve this goal. In summary, this study has demonstrated that FRET and pyrene excimer formation that occur over distances of several nanometers respond to changes in the local polymer concentration induced by a worsening of the solvent quality toward the polymer. But whereas FRET provides qualitative evidence that intermolecular interactions are taking place, analysis of the fluorescence spectra acquired with the pyrene-labeled EP copolymers yielded finter, a parameter that describes quantitatively the strength of interpolymeric associations. Considering how strongly the rheological properties of polymer solutions are affected by interpolymeric associations, the ability to describe the strength of these interpolymeric associations via a single parameter should prove extremely valuable to the numerous scientists aiming to rationalize the complex rheological behaviour of solutions of associating polymers.
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